Unaccustomed strenuous exercise that includes lengthening contraction (LC) often causes delayed-onset muscle soreness (DOMS), a kind of muscular mechanical hyperalgesia. The substances that induce this phenomenon are largely unknown. Peculiarly, DOMS is not perceived during and shortly after exercise, but rather is first perceived after ϳ1 d. Using B 2 bradykinin receptor antagonist HOE 140, we show here that bradykinin released during exercise plays a pivotal role in triggering the process that leads to muscular mechanical hyperalgesia. HOE 140 completely suppressed the development of muscular mechanical hyperalgesia when injected before LC, but when injected 2 d after LC failed to reverse mechanical hyperalgesia that had already developed. B 1 antagonist was ineffective, regardless of the timing of its injection. Upregulation of nerve growth factor (NGF) mRNA and protein occurred in exercised muscle over a comparable time course (12 h to 2 d after LC) for muscle mechanical hyperalgesia. Antibodies to NGF injected intramuscularly 2 d after exercise reversed muscle mechanical hyperalgesia. HOE 140 inhibited the upregulation of NGF. In contrast, shortening contraction or stretching induced neither mechanical hyperalgesia nor NGF upregulation. Bradykinin together with shortening contraction, but not bradykinin alone, reproduced lasting mechanical hyperalgesia. We also showed that rat NGF sensitized thin-fiber afferents to mechanical stimulation in the periphery after 10 -20 min. Thus, NGF upregulation through activation of B 2 bradykinin receptors is essential (though not satisfactory) to mechanical hyperalgesia after exercise. The present observations explain why DOMS occurs with a delay, and why lengthening contraction but not shortening contraction induces DOMS.
Introduction
Delayed-onset muscle soreness (DOMS) is described as unpleasant sensation or pain after unaccustomed strenuous exercise (Armstrong, 1984) . DOMS is characterized by tenderness and movement-related pain, that is, mechanical hyperalgesia, in the exercised muscle. It usually reaches a peak 1-2 d after exercise in humans and disappears within 3-7 d (Armstrong, 1984; GravenNielsen and Arendt-Nielsen, 2003) . It is not known why DOMS typically appears with some delay (ϳ1 d) rather than during and shortly after exercise, or why DOMS can be easily induced by lengthening contraction (LC; contraction while the muscle is being stretched, often called "eccentric contraction") but not by either shortening contraction (SC) or stretching. DOMS itself is a common and rather unremarkable event in daily life. However, since hyperalgesic muscle in this DOMS model is reported to contain taut band-like muscle hardening and a trigger point-like sensitive spot (Itoh and Kawakita, 2002; Itoh et al., 2004) , which are typical in myofascial pain syndrome (Russell and Bieber, 2006) , uncovering the mechanism of DOMS in this model may shed light on the peripheral mechanism of the muscular mechanical hyperalgesia that occurs in pathological conditions. Several proposals have been made to explain the mechanism of DOMS based on histological, ultrastructural, and biochemical findings in both humans and animals. They include lactic acid, spasm, connective tissue damage, muscle damage, inflammation, and oxidative stress (Armstrong, 1984; Smith, 1991; Cheung et al., 2003) . The most widely supported mechanisms are muscle damage and inflammation induced by it, but reports suggesting other causes are emerging (Malm et al., 2004; Crameri et al., 2007) .
Many substances are released from exercising muscle: lactate (Tegeder et al., 2002) ; bradykinin (including kallidin-like pep-tide) (Blais et al., 1999; Boix et al., 2002) ; ATP (Li et al., 2003) ; and other substances (Tegeder et al., 2002) . Among these substances, bradykinin, glutamate, and ATP are able to induce not only excitation/sensitization of nociceptors, but also changes in expression of neuropeptides and channels in several types of cell (Ferreira et al., 1993; Baker, 2005; Inoue et al., 2006) . However, nobody paid attention to the roles of these substances in DOMS, and not many pharmacological manipulations have been performed except usage of nonsteroidal anti-inflammatory drugs (Cheung et al., 2003) .
Nerve growth factor (NGF) is involved in pathological pain conditions Woolf et al., 1994) . NGF is produced in inflamed tissues and skeletal muscle after ischemia (Turrini et al., 2002) and nerve injury (Amano et al., 1991) , and sensitizes nociceptors, resulting in hyperalgesia . It was also reported that intramuscular injection of NGF induced lasting tenderness (Svensson et al., 2003) .
In the present experiment, we examined involvement of bradykinin and NGF in DOMS using a rat model of DOMS in which we previously showed the existence of mechanical hyperalgesia (Taguchi et al., 2005a) and increased mechanical sensitivity of muscle thin-fiber afferents (Taguchi et al., 2005b) . We found that bradykinin triggers development of muscular mechanical hyperalgesia and NGF serves in its maintenance by sensitizing muscle C-fiber receptors to mechanical stimulation.
Materials and Methods

Experimental animals
Male Sprague Dawley rats (SLC), weighing 250 g (7 weeks) at the beginning of the experiments, were used in this study. The animals were kept two to three per cage under a 12 h light/dark cycle (light between 7:00 A.M. and 7:00 P.M.) in an air-conditioned room (22Ϫ24°C). They had food and water ad libitum throughout the experiment. All experiments were conducted according to the Regulations for Animal Experiments in Nagoya University, and the Fundamental Guidelines for Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions in Japan.
Protocol for LC, SC, and stretching of the extensor digitorum longus muscle LC and SC. LC was applied as reported previously (Taguchi et al., 2005a) . Briefly, on day 0 the animals were anesthetized with sodium pentobarbital (50 mg/kg, i.p. nerve through a pair of needle electrodes inserted near the nerve. Electrical stimulation with the following parameters was applied for 1 s: current strength of three times the twitch threshold (Ͻ100 A) and a frequency of 50 Hz with pulse duration of 1 ms. The ankle joint was plantar flexed in synchrony with muscle contraction with use of a linearized servomotor (CPL28T08B-06C2T, Oriental Motor) to stretch the lower hindleg extensors and then returned to the starting position over a 3 s resting period. This cycle was repeated for a total of 500 repetitions. The method of SCs was similar to that for LCs except for the absence of muscle stretching. After the rats recovered from anesthesia after exercise, they behaved, ate, and drank normally. Stretching the muscle. To ensure intensive stretching similar to that during LC, direct stretching of the EDL muscle was performed as follows. A small incision (ϳ0.5 cm) was made on the dorsum of the right hindpaw, and the tendons of the EDL muscle were separated from the surrounding connective tissue and tightly ligated. They were manually pulled by ϳ2 mm for 1 s while the knee was fixed by two acrylic bars from the both sides and then returned to the starting position over 3 s. This cycle was repeated 500 times, the same as in LC. The tendons of the contralateral EDL muscle were also ligated without stretching and served as a control.
Withdrawal threshold measurement
A Randall-Selitto analgesiometer (Ugo Basile) equipped with a probe of tip diameter 2.6 mm was used to measure the withdrawal threshold of the extensors of lower hindleg (EDL muscle included). A probe of tip diameter 5 mm was used to measure the withdrawal threshold of the gastrocnemius muscle. Use of a probe with a tip diameter of Ն2.6 mm allows measurement of muscle mechanical nociceptive threshold (Takahashi et al., 2005; Nasu et al., 2010) . The animals were restrained around the trunk with a towel to calm them and treated gently during the experiments. The probe was applied to the belly of the lower hindleg extensors or lateral belly of the gastrocnemius muscle through shaved skin. The speed of force applied was set at 157 mN/s, and there was a cutoff of 2450 mN for loading to avoid damaging the tissue. The intensity of pressure causing an escape reaction was defined as the withdrawal threshold. Each series of experiments was performed at almost the same period of time during the day to avoid circadian fluctuations. Training sessions were performed for at least four consecutive days. Measurements were performed 7 or 10 times at several-minute intervals, and the mean value of the latter five trials was taken as the threshold.
Experimenters were blind to which rats received which treatment (LC, SC, or stretching), drug, or vehicle.
Drugs, calculation of percentage suppression of hyperalgesia by drugs, and time schedule
Bradykinin antagonists. HOE 140 (B 2 antagonist, 0.01, 0.1 mg/kg, Sigma) and des-Arg 10 -HOE 140 (B 1 antagonist, 0.1 mg/kg, Sigma) were dissolved in saline and subcutaneously injected into the skin of the back 30 min before exercise or 30 min before measuring the mechanical withdrawal threshold on the second day after exercise. HOE 140 was also injected in another group of animals 30 min after exercise. These antagonists are receptor specific (Hock et al., 1991; Wirth et al., 1991) , and the dosages used are sufficient to antagonize bradykinin in a postoperative pain model (Muratani et al., 2005) and inflamed conditions (Fox et al., 2003) .
The percentage suppression of the decrease in muscle mechanical withdrawal threshold was calculated as follows. Differences in withdrawal threshold 2 d after exercise from that on day Ϫ1 in the vehicle group (⌬threshold-veh) or drug group (⌬threshold-drug) were calculated, and differences (suppression) between ⌬threshold-drug and ⌬threshold-veh were normalized with ⌬threshold-veh, and expressed as percentages.
Anti-NGF antibody. Anti-NGF antibody (10 or 30 g, R & D Systems) was injected into the belly of the EDL muscle of the right hindlimb. Exact placement of the tip of the injection needle was assured by dorsiflexion of the middle three toes of the hindpaw in response to electrical stimulation through the electrode attached to the injection needle.
A volume of 5 l (for a 10 g injection) to 7 l (for a 30 g injection) of anti-NGF antibody was injected under halothane anesthesia (2%, Takeda Chemical Industries). An equivalent volume (5 l for saline, and 5 and 7 l, respectively, for 10 and 30 g of normal goat IgG in PBS) was injected into the right EDL muscle in the control group. They were injected 6 h after exercise or on the second day after exercise. Withdrawal threshold on the second day after LC was measured twice, once before antibody injection and once 3-4 h afterward. We also checked the effects of anti-NGF antibody on withdrawal thresholds in normal rats (30 g in 7 l, i.m.) and the systemic effects of this antibody injected intraperitoneally (30 g in 7 l) 2 d after LC.
Anti-IL-6 antibody. Anti-IL-6 antibody (1 g/5 l PBS, R & D Systems) was injected into the belly of the EDL muscle 2 d after LC, similarly to the anti-NGF antibody. The dosage used was reported to be effective in a burn-injury model (Summer et al., 2008) .
NGF. NGF [NGF-␤ (rat recombinant), Sigma, 0.2 or 0.8 M, 20 l] was injected into the lateral belly of the gastrocnemius muscle of the right hindlimb under isoflurane anesthesia (2%, Abbott). An equivalent volume of vehicle solution (PBS) was injected into the right gastrocnemius muscle of the control group. Withdrawal threshold was measured before injection, and 0.5, 1, 2, 3, 4, and 5 h and 1, 2, 3, 4, and 5 d after injection.
Bradykinin. Bradykinin (Peptide Institute, 10 or 30 g in 5 l) was injected into the right EDL muscle over 30 min using a microsyringe pump under halothane anesthesia. An equivalent volume of vehicle solution (PBS) was injected into the right EDL muscle of the control group. Withdrawal threshold was measured before injection, 2 and 6 h after injection, and 1, 2, 3, 4, and 5 d after injection. The amount of bradykinin was set at Ͼ10,000 times the amount reported to be released into superfusate in an in vitro experiment (Boix et al., 2002) , on the assumption that only a small part of the produced bradykinin was released into the superfusate and recovered from it, and that it would be rapidly metabolized in vivo. 
RNA isolation and reverse transcription-PCR
The EDL muscle was removed under anesthesia immediately after LC (0 h); 3, 6, and 12 h after LC; and 1, 2, 3, and 5 d after LC. To examine whether there was any interaction between bradykinin and NGF, additional samples were taken after the treatment with HOE 140 (0.1 mg/kg, s.c.). This drug was administered before LC, and the EDL muscle was removed 12 h after LC. Tissue samples from individual rats were weighed, 30 mg of each sample was homogenized in lysis buffer, and total RNA was extracted with RNeasy Fibrous Tissue Mini Kit (QIAGEN). The amount of total RNA was evaluated by spectrophotometry (Genequantpro, GE Healthcare). One microgram samples of RNA preparations were transcribed to cDNA with M-MLV Reverse Transcriptase (Promega) at 42°C for 50 min. Five microliter aliquots of the resultant solution of reverse transcriptase reaction were taken into each PCR and amplified with NGF primers (sense: 5Ј-ttcggacactctggatttagact-3Ј; antisense: 5Ј-gatttggggctcggcacttg-3Ј) or primers for interleukin (IL)-1␤ (sense: 5Ј-aagccaacaagtggtattctc-3Ј; antisense: 5Ј-ttgtttgggatccacactctc-3Ј), IL-6 (sense: 5Ј-atgttgttgacagccactgc-3Ј; antisense: 5Ј-acagtgcatcatcgctgttc-3Ј) or tumor necrosis factor (TNF)-␣ (sense: 5Ј-atgtggaactggcagaggag-3Ј; antisense: 5Ј-ggccatggaactgatgagag-3Ј). The data were measured at the exponential phases of the PCRs. Specifically, the reactions were run for 33 cycles (94°C, 30 s; 55°C, 30 s; 72°C, 1 min) for NGF; 35 cycles (94°C, 30 s; 53°C, 30 s; 72°C, 1 min) for IL-1␤; 35 cycles (94°C, 30 s; 55°C, 30 s; 72°C, 1 min) for IL-6; and 35 cycles (94°C, 30 s; 66°C, 30 s; 72°C, 1 min) for TNF-␣. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as an internal standard, was also amplified using the following primers: sense: 5Ј-gtgaaggtcggtgtcaacggattt-3Ј; and antisense: 5Ј-cacagtcttctgagtggcagtgat-3Ј. The PCR was run for 21 cycles with an annealing temperature of 55°C. PCR products were resolved by electrophoresis through a 1.5% agarose gel. The amplified DNA fragments were detected by ethidium bromide staining. The ethidium bromide-stained bands were visualized by UV light, and the optical density of the bands was analyzed with ImageJ software (free software developed by National Institutes of Health). The values were normalized against GAPDH for analysis.
NGF ELISA
NGF levels in muscle tissue extracts were measured by ELISA (NGF E max ImmunoAssay System, Promega) according to the manufacturer's instructions. The minimum assay sensitivity for NGF was 15.6 pg/ml. All measurements were performed in duplicate.
Single-fiber recording from muscle C-afferent fibers
Rat EDL muscle-common peroneal nerve preparation was used. The methods of obtaining single-fiber activities, stimulation, and analysis were described previously (Taguchi et al., 2005b) . Briefly, the EDL muscle from both hindlimbs was carefully removed with the common peroneal nerve attached under pentobarbital anesthesia (50 mg/kg, i.p.). Animals were killed with an overdose of the same anesthetic after removal of the preparation. The isolated preparation was then placed in an organ bath with the proximal and distal ends of the EDL muscle pinned in the test chamber. The preparation was maintained at 34.0 Ϯ 0.5°C, pH 7.4, under superfusion with modified Krebs-Henseleit solution (Krebs solution), which contained (in mM) 110.9 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 25.0 NaHCO 3 , and 20.0 glucose, and was continuously bubbled and equilibrated with a gas mixture of 95% O 2 and 5% CO 2 . The common peroneal nerve was drawn through a hole to the recording chamber filled with paraffin oil. Single-fiber activities were obtained by the dissection method. The muscle C-fiber sensory receptors used in this experiment fulfilled the following criteria: (1) sensitivity to mechanical stimulation by probing with a glass rod; (2) no intensitydependent increase in the discharge rate while the muscle was stretched by a length of a few millimeters (to exclude muscle spindle afferents); and (3) conduction velocity slower than 2.0 m/s. The conduction velocity of the fibers was calculated from the distance and conduction latency of a spike induced by electrical stimulation of the receptive field (intensity just above the threshold to obtain constant action potentials, up to 50 V with pulse duration of 100 -500 s). Mechanical stimulus was applied by a stimulator with feedback regulation of the force (manufactured by S. Aizawa, Goto College of Medical Arts and Science, Tokyo, Japan). The stimulator had a plastic, cylindrical probe with a flat tip (tip size, 2.28 mm 2 ). A ramp mechanical stimulus, linearly increasing from 0 to 196 mN in 10 s, was applied to the most sensitive point of the identified receptive field. The mechanical threshold was defined as the intensity that induced a discharge that exceeded the mean frequency plus 2 SDs of spontaneous discharges during the control period, when there were two or more consecutive discharges exceeding this level. Mechanical response was examined two times with an interval of 10 min, and then NGF [NGF-␤ (rat recombinant), Sigma, 0.8 M, 5 l/5 s] was injected 2 mm from the receptive field of a fiber through a 30 ga needle. Thereafter, mechanical response was examined 10, 20, 30, 60, and 120 min after the injection of NGF. The threshold and discharge numbers of the PBS group at each time point were averaged. Each value for both the NGF and PBS groups at each time point was normalized with this averaged value, and expressed as a percentage. The mean and SEM were then calculated.
Statistical analysis
Change in withdrawal threshold during the observation period was examined with one-way ANOVA followed by Bonferroni's multiple- comparison test, compared with the threshold on day Ϫ1. Percentage suppression was statistically analyzed with one-way ANOVA followed by Bonferroni's multiple-comparison test, compared with the control (vehicle) group. The effects of bradykinin (two dosages) or PBS intramuscular injection were analyzed with two-way ANOVA.
The change in mRNA and protein was examined with one-way ANOVA followed by Dunnett's multiple-comparison test, compared with day Ϫ1. The change in mRNAs after SC and stretch was examined with one-way ANOVA followed by Dunnett's multiplecomparison test, compared with the control group. The effect of HOE 140 on mRNA and protein expression of NGF at 12 h was examined with an unpaired t test.
In single-fiber recording experiments, the response threshold and number of discharges were statistically analyzed with the MannWhitney U test for absolute values at each time point. p Ͻ 0.05 was considered statistically significant.
Results
Effects of bradykinin receptor antagonists on DOMS
To determine whether DOMS is mediated by bradykinin receptors, we examined the effects of B 1 and B 2 bradykinin antagonists on muscle mechanical hyperalgesia after LC. In the saline-injected group, the mechanical withdrawal threshold of exercised muscle measured by Randall-Selitto analgesiometer decreased 1 d after LC, and this decrease in threshold reached the lowest level 2 d after exercise (Fig. 1 A) , which means muscular mechanical hyperalgesia developed, as reported previously (Taguchi et al., 2005a) . When a B 2 bradykinin receptor antagonist, HOE 140 (0.01 or 0.1 mg/kg, s.c.), was administered 30 min before LC, mechanical hyperalgesia did not appear at any time during the observation period up to 5 d after LC (Fig. 1 A) . Since the effect of HOE 140 lasts only for several hours in vivo (Bao et al., 1991) , it is worth noting that generation of mechanical hyperalgesia was completely suppressed with a single injection. To determine the exact time of the action of bradykinin, we injected HOE 140 30 min after LC and found it had no effect at all (Fig. 1C) . Meanwhile, HOE 140 injected 2 d after LC failed to reverse mechanical hyperalgesia ( Fig. 1 B, C) . Unlike the B 2 receptor antagonist, a B 1 receptor antagonist, des-Arg 10 -HOE 140 (0.1 mg/kg, s.c.) failed to suppress the mechanical hyperalgesia after LC regardless of the timing of the injection (Fig. 1 A, C) .
The time course of NGF upregulation in LC loaded muscle Next, we examined the possible involvement of NGF. NGF mRNA in exercised EDL muscle significantly increased 12 h after LC and remained at increased levels up to 2 d after LC (Fig. 2 A) . This time course of increased NGF mRNA was comparable with the time course of muscle mechanical hyperalgesia after LC. Clear upregulation of NGF protein in exercised EDL muscle was observed by ELISA 12 h to 1 d after LC (Fig. 2B) , and NGF protein level tended to remain higher than in the control up to 4 d after LC.
DOMS can be easily induced by lengthening contraction but not by either shortening contraction or stretching. We confirmed that neither shortening contraction (Fig. 3A) nor stretching (data not shown) led to mechanical hyperalgesia. Neither shortening contraction nor stretching induced a statistically significant upregulation of NGF mRNA 12 h after exercise (Fig. 3 B) .
We also examined the change in mRNAs of other cytokines (IL-1␤, IL-6, and TNF-␣). Biphasic or triphasic increases were observed at 0, 6, or 12 h and 2 d (in the case of IL-1␤) after LC (Fig. 4 A-C) . Shortening contraction that did not induce mechanical hyperalgesia (Fig. 3A) also induced an increase in mRNA of all three cytokines immediately after exercise (Fig. 5A-C) . In addition, HOE 140 failed to suppress the upregulation of TNF-␣ (Fig. 5C) . Upregulation of IL-6 12 h after LC was suppressed by HOE 140, but anti-IL-6 antibody (1 g in 5 l) injected into the EDL muscle 2 d after LC failed to reverse the hyperalgesia (Fig.  5D ). These data suggest that these substances are unlikely to contribute significantly to mechanical hyperalgesia after exercise. However, the possibility remains that these substances play some , and TNF-␣ (C) mRNAs after LC, their changed expression after SC and stretching, and the effect of anti-IL-6 antibody on mechanical hyperalgesia after LC (D). A-C, HOE 140 had no effect on increase of IL-6 and TNF-␣ mRNA immediately after LC. Increase of IL-6 mRNA 12 h after LC was suppressed by HOE 140 but not TNF-␣ mRNA. Shortening contraction also induced upregulation of IL-1␤, IL-6, and TNF-␣ immediately after exercise. TNF-␣ mRNA also increased 0 and 12 h after stretching, but neither IL-6 nor IL-1␤ mRNA increased. n ϭ 4 each, except for control group in IL-1␤ (n ϭ 8) and 0 h samples in stretching group (n ϭ 6). *p Ͻ 0.05, **p Ͻ 0.01 compared with the control group (CTL). D, Arrow indicates the time of intramuscular injection of anti-IL-6 antibody.
ϩϩ p Ͻ 0.01, ϩϩϩ p Ͻ 0.001 compared with Ϫ1 d in D. N.S., no significant difference before and after injection, Bonferroni's multiple-comparison test after one-way ANOVA. Intramuscular injection of anti-IL-6 antibody 2 d after LC (D) did not affect muscle mechanical hyperalgesia (n ϭ 6).
role in the intermediary processes to produce mechanical hyperalgesia.
Involvement of NGF in muscle mechanical hyperalgesia after LC
To confirm the involvement of NGF in muscular mechanical hyperalgesia after LC, we injected anti-NGF antibodies intramuscularly. Anti-NGF antibody (10 g in 5 l) injected into the EDL muscle 6 h after LC completely blocked generation of mechanical hyperalgesia (Fig. 6A) . The same dose of anti-NGF antibody injected 2 d after LC failed to reverse the generated hyperalgesia (Fig. 6 B, left) , but a triple dose (30 g in 7 l) clearly (ϳ70%) but partially reversed existing mechanical hyperalgesia in 3-4 h (Fig. 6 B, right) . Anti-NGF antibody (30 g, i.m.) did not affect the mechanical withdrawal thresholds in normal rats ( p Ͼ 0.05, one-way ANOVA, n ϭ 5). This indicates that the muscular withdrawal threshold is not influenced by NGF under normal conditions. We also found that the antibody administered intraperitoneally 2 d after LC did not attenuate muscle mechanical hyperalgesia ( p Ͼ 0.05, no significant difference in the withdrawal threshold before and after injection, Bonferroni's test after one-way ANOVA, n ϭ 6), suggesting that NGF works locally in the muscle.
To confirm whether NGF induced long-lasting muscular mechanical hyperalgesia, we injected NGF into the gastrocnemius muscle and measured withdrawal threshold over several days. NGF (0.2 M, 20 l) induced mechanical hyperalgesia 2-5 h after injection (Fig. 6C) . Longerlasting mechanical hyperalgesia, up to 2 d, was induced by NGF injection at the fourfold higher concentration of 0.8 M (Fig. 6C) .
Relationships between bradykinin and NGF
To clarify whether bradykinin released during exercise induces NGF upregulation in exercised muscle, we measured NGF mRNAs or proteins in the muscle after the B 2 receptor antagonist injection. HOE 140 at the same dosage (0.1 mg/kg, s.c.) as that which suppressed generation of DOMS significantly suppressed the increase of NGF mRNA 12 h after exercise, from 0.65 Ϯ 0.09 arbitrary units (no drug group, normalized with GAPDH mRNA) to 0.38 Ϯ 0.03 arbitrary units (HOE 140-injected group, n ϭ 4 each, p Ͻ 0.05, unpaired t test). The increase in NGF protein 12 h after LC was also significantly suppressed (no drug group, 9.70 Ϯ 1.21 pg/mg protein; HOE 140-injected group, 5.38 Ϯ 0.49 pg/mg protein, p Ͻ 0.05, n ϭ 4 each). Contrary to our expectation, injection of bradykinin alone (10 and 30 g over 30 min) into EDL muscle failed to induce persistent muscle mechanical hyperalgesia (Fig. 7A) and caused a small decrease in withdrawal threshold for only a short time (until ϳ6 h after injection). The control PBS group also showed a small decrease in mechanical threshold. There was no significant interaction between time and treatment (F (16,112) ϭ 1.09, p Ͼ 0.05), Figure 6 . Effects of intramuscular injection of anti-NGF antibody and NGF. A, B, Anti-NGF antibody (10 g, i.m.) 6 h (A) and (30 g, i.m.) 2 d (B, right) after LC blocked and reversed, respectively, the mechanical hyperalgesia seen after LC (n ϭ 6 in A; n ϭ 8 in B, right) in the saline (A) and normal goat IgG (B) control groups (solid circle). However, anti-NGF antibody (10 g, i.m.) injected 2 d after LC failed to reverse the generated hyperalgesia after LC (B, left, n ϭ 6 for each group).
ϩ or *p Ͻ 0.05, ϩϩ or **p Ͻ 0.01, ϩϩϩ or ***p Ͻ 0.001 compared with Ϫ1 d; ϩ control group, *anti-NGF antibody. C, NGF (20 l) injected into the gastrocnemius muscle decreased the muscular mechanical nociceptive threshold (n ϭ 8 for each group).
ϩ p Ͻ 0.05, ϩϩ or **p Ͻ 0.01, ϩϩϩ or ***p Ͻ 0.001 compared with Ϫ1 d; ϩ 0.2 M group, *0.8 M group. Note that the baseline withdrawal threshold was higher than in A and B because a larger probe was used to measure the threshold and that the horizontal axis is not linear.
nor was there a significant effect in treatment (F (2,112) ϭ 0.93, p Ͼ 0.05, two-way ANOVA with repeated measures). Next, we examined whether additional shortening contraction caused mechanical hyperalgesia. We found that the combination of bradykinin injection (10 g over 30 min) and shortening contraction (30 min) induced longer-lasting muscle mechanical hyperalgesia (Fig. 7B ).
This amount of bradykinin combined with shortening contraction induced NGF mRNA upregulation 12 h after injection (Fig.  7C) . Mechanical hyperalgesia was observed in the group that received PBS injection and shortening contraction, but lasted only up to 1 d after injection (Fig. 7B) , and there was no significant NGF mRNA upregulation (Fig. 7C) .
NGF sensitized nociceptors to mechanical stimulation
Our observations that mechanical hyperalgesia was partially reversed 3-4 h after intramuscular injection of a small amount anti-NGF antibody, and that muscular mechanical hyperalgesia occurred 2 h after injection of NGF, suggested that NGF peripherally sensitized nociceptors to mechanical stimulation. To investigate this possibility, we recorded single-muscle, thin-fiber activities from the EDL muscle-common peroneal nerve preparations in vitro (Taguchi et al., 2005b) and examined whether NGF sensitized the mechanical sensitivity in the periphery of these preparations in a short period.
A total of 51 muscle thin fibers divided into two groups was recorded. One group received an NGF injection (0.8 M, 5 l over 5 s) near the receptive field (n ϭ 25, NGF group), and the other group received a PBS (pH 7.4, 5 l) injection (n ϭ 26, PBS group) as a control. Intramuscular injection of NGF elicited weak excitation in 5 of 25 (20%) thin afferents, while that of PBS induced no excitation at all (0 of 26 fibers). The buildup of the response to NGF was relatively slow with response latencies of 1.5-24 s. The peak discharge rate ranged from 4 to 17 impulses/s with response duration of 20 -180 s. Four fibers in the NGFactivated fibers were sensitive to heat (ϳ34 -50°C). Before injection, the response to mechanical stimulation was stable. Ten to twenty minutes after NGF injection, thin-fiber afferents showed decreased response threshold (Fig. 8 B, C) and increased response magnitude (Fig. 8 B, D , NGF group) to mechanical stimulations, when compared with afferents in the PBS group (Fig. 8 A, C,D) . These changes lasted as long as observation continued (up to 120 min) (Fig. 8 B-D) . It must be mentioned that there were no differences between the groups in regard to conduction velocities (Table 1) , background discharge rates during 60 s control period at three time points before the injection (Ϫ20, Ϫ10 min, and just before injection; data not shown), incidence and threshold of the heat response (data not shown), or mechanical threshold and magnitude of the response (total number of evoked discharges during a 10 s stimulation period) ( Table 1 ). This result demonstrates that NGF had a clear ability to sensitize muscular thin afferents to mechanical stimulation in the periphery, although it had only a weak excitation effect.
Discussion
We have demonstrated that bradykinin released during exercise plays an essential role, through B 2 receptors, in the muscle mechanical hyperalgesia after exercise (DOMS), by showing that B 2 antagonist applied shortly before exercise but not 30 min after exercise prevented the development of DOMS. Different from previous reports (Armstrong et al., 1983; Smith, 1991; Pyne, 1994) , signs of inflammation and muscle damage were minimal (almost absent) in our DOMS model (Fujii et al., 2008) , but mechanical hyperalgesia was clear. Furthermore, Crameri et al. (2007) Figure 7. Effects of intramuscular injection of bradykinin (BK), and the combination of bradykinin and shortening contraction. A, BK or PBS injected into the EDL muscle tended to decrease the muscular mechanical nociceptive threshold for a short time (n ϭ 6 for bradykinin group, n ϭ 5 for PBS group), but there was no significant interaction between time and treatment (F (16,112) ϭ 1.09, p Ͼ 0.05), and no significant effect in treatment (F (2,112) ϭ 0.93, p Ͼ 0.05, two-way ANOVA with repeated measures). Arrow, Time points for injection (on day 0). B, The combination of bradykinin and SC (BK ϩ SC) induced muscle mechanical hyperalgesia longer than injection of bradykinin alone.
ϩϩ p Ͻ 0.01, ***p Ͻ 0.001 compared with Ϫ1 d; ϩ PBS ϩ SC group; *BK ϩ SC group. Arrow, Time points for injection during shortening contraction (on day 0). C, NGF mRNA level in EDL muscle increased 12 h after BK ϩ SC but not PBS ϩ SC treatment (open columns) compared with the control group (CTL) (no treatment, solid column). **p Ͻ 0.01, n ϭ 6 for each group. (Boix et al., 2002) . However, since bradykinin, kallidin, and kallidin-like peptide bind B 2 bradykinin receptors, and B 2 antagonist cannot differentially block the action of these three, here we used "bradykinin" to refer to all three of these kinins. The absence of an effect from bradykinin receptor antagonists administered after development of DOMS showed that bradykinin is not the substance that maintains mechanical hyperalgesia, which means that bradykinin is not responsible for the increased mechanical sensitivity of thin-fiber receptors after LC (Taguchi et al., 2005b) .
Arg-bradykinin, which is liberated from low-molecularweight kininogen in rats (Hilgenfeldt et al., 2005) , may be released from vascular endothelial cells because low-molecularweight kininogen exists only in vascular systems but not in plasma or muscle cells (Okamoto et al., 1998; Takano et al., 2000) .
We found a 12 h delay in upregulation of NGF mRNA and protein after LC, which then lasted up to 2 d. In addition, anti-NGF antibody reversed mechanical hyperalgesia. IL-1␤, IL-6, and TNF-␣ mRNAs also were upregulated, not only after LC but also after shortening contraction/stretching, but on different time courses. Anti-IL-6 antibody failed to reverse mechanical hyperalgesia after LC. Thus, these cytokines are unlikely to be responsible for mechanical hyperalgesia after LC, and NGF is considered to be the key substance in maintaining DOMS. The time course of NGF upregulation is compatible with the time course of DOMS, and delayed upregulation may explain the delayed appearance of DOMS. The importance of NGF in DOMS is also supported by the absence of upregulation of NGF after shortening contraction and stretching, which do not induce mechanical hyperalgesia. Anti-NGF antibody injected 6 h after LC completely blocked DOMS. Since the bradykinin released during exercise had already initiated the DOMS process 6 h after LC and the biological half-life of the antibody is reported to be several days (Shelton et al., 2005) , NGF antibody might have continuously reversed DOMS rather than suppressing initiation of the processes that led to DOMS. Only 10 g of anti-NGF antibody was needed to suppress DOMS with an early injection (at 6 h after LC), but 30 g was needed with later injection (10 g was ineffective) (Fig. 6 B, left) . The early injection might have suppressed NGF-induced NGF release, as reported in mast cells (Mazurek et al., 1986) , so that a smaller amount than that used in the later injection was sufficient. In addition, dorsal root ganglion (DRG) and spinal mechanisms also might have been involved in the later phase.
The third finding of this experiment is that B 2 antagonist suppressed upregulation of NGF. This observation demonstrated that bradykinin triggers upregulation of NGF through B 2 receptors. However, we failed to reproduce DOMS solely by injecting bradykinin into the muscle, and we needed additional shortening contraction to induce muscular mechanical hyperalgesia for 2 d and upregulation of NGF mRNA. Mechanical hyperalgesia for 1 d after PBS plus shortening contraction might have been produced by inflammatory mediators other than NGF that were induced by inserting injection needles, since NGF mRNA upregulation was not observed 12 h after injection. Thus, these data suggest that bradykinin is essential, though not satisfactory, to induce NGF upregulation and lasting mechanical hyperalgesia after LC.
It is well known that inflammatory cells such as macrophages and mast cells produce NGF (Woolf et al., 1996) . However, these cells cannot be responsible for NGF production because they did not infiltrate the exercised muscle in this model (Fujii et al., 2008) . Since myocytes express B 2 receptors (Figueroa et al., 1996 ; Values in the table represent median (interquartile range). There were no significant differences between the PBS and NGF groups. Ϫ20 and Ϫ10 min, 20 and 10 min before injection, respectively. Rabito et al., 1996) and can produce NGF (Turrini et al., 2002; Toti et al., 2003) , myocytes themselves might produce NGF in this model. This point needs to be clarified. The intracellular mechanisms through which bradykinin induces NGF production also need to be clarified. NGF upregulation might be mediated by nuclear factor (NF)-B because B 2 receptor activated NF-B via Ras/Raf/ERK (extracellular signal-regulated kinase) pathway in human airway epithelial cells (Chen et al., 2004) and in fibroblasts (Pan et al., 1996; Lee et al., 2008) . We also showed that rat NGF induced mechanical hyperalgesia and sensitized muscular thin-fiber afferents (majority were C-fibers) in rats. A previous report already showed a hyperalgesic effect and sensitization of A-delta fiber afferents in rats by human NGF, but not by rat NGF (Mann et al., 2006) . The reason Mann et al. (2006) did not see any effect with rat NGF is not clear. Hoheisel et al. (2005) showed excitation by NGF in high-threshold mechanoreceptors, but failed to show mechanical sensitization. The observation period (up to 15 min) might have been too short to detect sensitization.
NGF is known to induce hyperalgesia in a short period by peripherally sensitizing nociceptors Pezet and McMahon, 2006) and also later by changing expression of neurotransmitter/modulators and ion channels in DRGs (Leslie et al., 1995; Fjell et al., 1999; Mamet et al., 2002; Obata et al., 2005; Zhang et al., 2005; Pezet and McMahon, 2006) . Heat hyperalgesia appears rapidly, and thus might be induced by transient receptor potential vanilloid subfamily member 1 (TRPV1) sensitization (Shu and Mendell, 1999) and/or their rapid trafficking to the surface membrane of nociceptors (Zhang et al., 2005) . NGF also caused mechanical hyperalgesia, although after a longer latency than heat hyperalgesia . Receptors/channels are upregulated by NGF transported to DRGs, and then are orthogradely transported to central and peripheral afferent terminals, where at the latter they play some role in sensitization of nociceptors. This mechanism might be involved in mechanical hyperalgesia after LC in the later phase. However, the quick reversal of LC-induced mechanical hyperalgesia in 3-4 h after antibody injection and quick sensitization of muscular nociceptor responses to mechanical stimulation by NGF in vitro in 10 -20 min suggest that NGF also sensitizes nociceptors to mechanical stimulation peripherally without processes in DRGs. This might be induced by modifying actions of TRP channels and acid-sensing ion channels, considering the report of Fujii et al. (2008) that showed antagonists for these channels reversed DOMS.
The appearance of cytokines in plasma or in the tissues (e.g., nerves, muscles, and bones) has been reported in work-related musculoskeletal disorders in humans (Carp et al., 2007) and in animal models (Barbe et al., 2003) . However, the causal relationships among cytokines, pain, and other changes have not been analyzed. As to the role of cytokines, Dina et al. (2008) reported an interesting mechanism in which IL-6, after acutely inducing mechanical hyperalgesia, primes later prolongation of muscle mechanical hyperalgesia induced by another agent. In our present results, upregulation of IL-6 was observed at some time points, but anti-IL-6 antibody failed to reverse the developed mechanical hyperalgesia after LC. Thus, IL-6 cannot be responsible for maintaining mechanical hyperalgesia in our model. Whether the priming effect of IL-6 reported by exists in this model is not known, but it is known that DOMS becomes less severe or does not occur when LC is repeated after some interval (adaptation) (Clarkson et al., 1987) .
In the present experiment, DOMS was reversed by injecting anti-NGF antibody into the muscle in a short period and NGFsensitized nociceptor responses in the excised preparation. Thus, mechanical hyperalgesia in this model was considered to be of mainly peripheral origin. However, the existence of central sensitization has also been suggested in DOMS (Gibson et al., 2006) . Involvement of the descending facilitatory system (Tillu et al., 2008) in long-lasting muscular mechanical hyperalgesia induced by repeated acid injection into the muscle (Sluka et al., 2001) , and involvement of NMDA receptors and substance P receptors in the spinal cord in myositis (Hoheisel et al., 1997) have been suggested. Similar mechanisms might be involved in DOMS.
Conditions with muscular mechanical hyperalgesia, such as myofascial pain syndrome, are quite common in the general population. However, their mechanisms are not well understood and reliable treatments are lacking. Hyperalgesic muscle after LC is reported to contain taut band-like muscle hardening and a sensitive spot (Itoh and Kawakita, 2002; Itoh et al., 2004) , which are typical in myofascial pain syndrome (Russell and Bieber, 2006) . Thus, the present findings may provide new insight into not only the mechanism of DOMS but also the peripheral mechanism of muscular mechanical hyperalgesia in pathological conditions.
